Acoustic-graphene-plasmons (AGPs) are highly confined electromagnetic modes, carrying large momentum and low loss in the Mid-infrared/Terahertz spectra. Owing to their remarkable ability to confine light to extremely small dimensions, they bear great potential for ultra-strong light-matter interactions in this long wavelength regime, where molecular fingerprints reside. However, until now AGPs have been restricted to micron-scale areas, reducing their confinement potential by several ordersof-magnitude. Here, by utilizing a new type of graphene-based magnetic-resonance, we realize singular, nanometric-scale AGP cavities, reaching record-breaking modevolume confinement factors of ∼ 5 · 10 −10 . This AGP cavity acts as a Mid-infrared nanoantenna, which is efficiently excited from the far-field, and electrically tuneble over an ultra-broadband spectrum. Our approach provides a new platform for studying ultra-strong-coupling phenomena, such as chemical manipulation via vibrationalstrong-coupling, and a path to efficient detectors and sensors, in this challenging spectral range.
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Graphene plasmons (GPs) are propagating electromagnetic waves that are coupled to electron oscillations within a graphene sheet. They have attracted great scientific interest in the last few years, owing to their extraordinary properties of extreme confinement and low loss in the MIR to THz spectrum 1-6 . This extreme confinement provides a unique platform to probe a variety of optical and electronic phenomena, such as quantum non-local effects 7 , molecular spectroscopy 8 , and biosensing 9 , together with enabling the access to forbidden transitions by bridging the scale between light and atoms 10 . Furthermore, it provides means to miniaturize optoelectronic devices in the long wavelength spectrum, such as GP-based electro-optical detectors 11 , modulators 12 , and electrical excitation 13, 14 .
The confinement of GPs can be increased even further by placing the graphene sheet close to a metallic surface 15 . Such a structure supports a highly confined asymmetric mode, which is referred to as an acoustic-graphene-plasmon, due to its linear energy versus momentum dispersion. When the graphene-metal distance is very small, AGPs are confined in-plane extensively to almost 1/300 their equivalent free-space wavelength 7 , and are vertically confined to the spacing between the metal and graphene 16 .
This unmatched ability of AGPs to confine light to small dimensions is pivotal for strong light-matter interactions, especially in the MIR and THz spectra, where the wavelength is inherently large and limits the electromagnetic field confinement. The latter is eminently important at this spectral region, as it is where molecular resonances reside, and their spectral fingerprints are needed to be detected for industrial purposes, medicine, biotechnology and security 17, 18 . Yet, so far AGPs have only been observed over micronscale areas, either as THz free-propagating waves 7, 15 , or in MIR grating couplers 16, 19 . To exploit strong and ultra-strong light-matter interactions, singular cavities for AGPs are required.
In this work, we realize singular AGP cavities, and efficiently couple light into these nanometric-scale resonators with ultra-small mode volumes, of a factor ∼ 5 · 10 10 times below the free-space wavelength. This is achieved by the generation of a graphene-plasmonmagnetic-resonance (GPMR), which enables the far-field excitation of AGP cavities, over large areas, without the need for lithographic patterning of neither the surrounding nor the graphene, and with no limitations on the light polarization. The GPMRs are formed by dispersing metal nanocubes, with random locations and orientations, over a hBN/graphene van der Waals heterostructure. We show that each nanocube forms with the graphene a singular GPMR, which is associated with a direct excitation of a highly confined AGPs. Furthermore, we find that this type of coupling is highly efficient and a nanocube fill-factor of only a few percentages is sufficient for obtaining a strong optical response, which is comparable to that obtained by grating couplers with much larger fill-factors 16, 19 . Finally, we show that a single GPMR structure acts as an AGP nanoantenna, for which its scattered radiation can be electrically tuned over an ultra-broadband range.
The scheme for a GPMR device is presented in Fig. 1A -nanometric silver nanocubes are randomly dispersed on top of an h-BN/graphene heterostructure that is transferred on a Si/SiO 2 substrate (see SI), which acts as a back-gate for electrically gating the graphene. The actual device, as imaged by a scanning-electronmicroscope (SEM), is presented in Fig. 1B and shows the randomly scattered nanocubes over the graphene. The Fourier-transform-infrared-spectroscopy (FTIR) extinction spectra, 1 − T(V)/T(V max ), measured from the device for different back-gate voltages (colors), is shown in Fig. 1C , where T(V) is the transmission measured at a specific gate voltage V, and T(V max ) is transmission measured for the maximal voltage (corresponding to the lowest doping due to the intrinsic doping of CVD graphene). Two resonances can be observed in the gate-dependent extinction (marked with triangles), on both sides of the SiO 2 phonon absorption band (marked box). These resonances are visibly shifting to higher frequencies with increasing graphene doping, which is consistent with the well-known behavior of plasmons in graphene 16, 20, 21 . In addition, the supported surfacephonons in the SiO 2 and hBN (marked with arrows) lead to the typical surface-phonon-graphene-plasmon hybridization in this type of structures 16, [20] [21] [22] .
The effect of the polarization is also shown in Fig. 1C . The spectra measured for both polarized (solid curves) and unpolarized (dotted curves) illumination are nearly identical. This lack of preference on polarization in the response is consistent with the fact that AGPs are transverse-magnetic (TM) modes and verifies the random nature of the cube position and orientation, and also implies a very weak interaction between neighboring nanocubes.
We further examine the device response by studying the gate-dependent extinction spectra obtained for different nanocube sizes and concentrations. The FTIR extinction spectrum was measured for three different nanocube sizes, of 50 nm, 75 nm, and 110 nm, as presented in Fig. 2A, Fig. 2B , and Fig. 2C , respectively. For each nanocube size, two samples were fabricated and measured, one with a higher nanocube concentration (solid curves) and one with a lower nanocube concentration (dashed curves). Similar to the behavior in Fig. 1C , for all nanocube sizes the resonances are seen to shift to higher frequencies with increasing graphene doping. An overall shift of the resonances to lower energies with increasing nanocube size can also be seen, which is attributed to the dispersive nature of AGPs (see discussion below). In addition, a strong hybridization with the SiO 2 surface-phonon occurs when the resonance is close to the SiO 2 phonons, either due to the nanocube size and/or charge carrier density in graphene. This hybridization results in an enactment of the peak around 1120 cm −1 due to the strong oscillator strength of the SiO 2 phonon.
The calculated and experimental dispersion relation, i.e. energy vs. momentum dependence, is compared in Fig. 2D , showing good agreement. For simplicity, we calculate the dispersion for the layered structure without geometrical features (colormap), i.e. Au/dielectric spacer/graphene/SiO 2 , and the experimental momentum (colored markers) is calculated by 2π/L nanocube , where L nanocube is the nanocube length. It can be seen that the resonances for both 75 nm and 110 nm nanocubes (green and red markers, respectively) lie very close to the SiO 2 phonons, thus exhibiting a more phonon-like nature, corroborating the strong hybridization mentioned above. The resonances for 50 nm nanocubes (black markers), however, are farther away in frequency from the SiO 2 phonons, thus displaying a more plasmon-like nature. This also explains the larger shift of the resonances with graphene doping that is obtained for the 50 nm nanocubes, compared to the 75 nm and 110 nm nanocubes, stemming from the fact that AGPs are doping dependent while the SiO 2 phonons are not. It is also seen in Fig. 2D the obtained experimental dispersion is close to the theoretically modeled linear dispersion in the vicinity of the linear Fermi velocity, V F = 1·10 6 m/s (dashed orange line), which corresponds to the lowest velocity that AGPs can be slowed down to, and to the maximal wavelength confinement of λ 0 /300. For the closest obtained experimental point (lower black marker), we calculate a plasmon velocity of ∼1.42 · 10 6 m/s, denoting a very strong confinement of the optical field.
The results obtained in Fig. 2 further show that for different concentrations of the same nanocube size, one obtains the same spectral response but with different amplitude. On the other hand, different nanocube sizes generate an overall different spectral response. This implies that it is the singular nanocube properties that determines the optical response of the device, while the amount (concentration) of nanocubes determines its amplitude. This is reinforced by the previous observation of the weak interaction between neighboring nanocubes. We can therefore conclude that a single nanocube/hBN/graphene structure actually acts as a singular resonator.
We note that in these samples, the measured fillfactor, which is the percentage of area covered by the nanocubes, ranges between 3% − 13% (see SI). Yet, even with such low fill-factors the optical response is still comparable in magnitude to that obtained for grating couplers, with an equivalent fill-factor of 50% − 85% 16 . Furthermore, this robust scheme does not require any lithographic processes or patterning, and thus both preserve the graphene quality and removes any limitation on the device areas. To increase the number of devices per sample, we limited the graphene area to stripes of 200 µm X 2 mm, however, cm-scale devices were also fabricated and measured (see SI).
To corroborate the singular nature of the behavior, we now turn to the examination of the optical response of a single structure. We perform 3D simulations of a single nanocube close to a graphene sheet, which is illuminated by a far-field free-space beam (see SI). The spatial distribution of the electric field |E y |, is presented in Fig. 3A , showing that the field is mainly confined between the graphene and the nanocube, as expected for AGP modes 15, 16, 19 . In addition, Fig. 3B and Fig. 3C show the obtained simulation results of the resonance frequency for different nanocube dimensions and Fermilevels, respectively. A linear dispersion relation is clearly seen in Fig. 3B , further corroborating the AGP nature of the resonance, together with a linear dependency on √ E F , which is characteristic to all plasmons in graphene. The field distribution obtained in Fig. 3A also exhibits the ability of the singular structure to directly excite AGPs from the far-field. However, still remains the important question of what is the physical coupling mechanism, which enables the far-field excitation of such high momentum modes, with a completely random structure that is built from single cavities?
It can be argued that the average inter-nanocube spacing might lead to a certain periodicity in the system, which can contribute momentum similar to a grating coupler. However, we see no change in the spectral response of different concentrations (Fig. 2) , which is contradictory to what has been observed for periodical structures with different periods 16, 19 . Owing to these observations, we can safely rule out the existence of any order-based momentum-matching condition. A further examination of the magnetic field distribution of the single structure reveals its coupling nature. Fig. 3D shows the spatial distribution of the magnetic field for a single nanocube close to a graphene sheet, superimposed with the electric field lines. The lines around the graphene/nanocube interface form a loop that is correlated with a strong magnetic field in its center, which has the shape of a magnetic dipole resonance. In the radio-frequency regime, this type of behavior occurs when a rectangular metallic patch is placed above a grounded conductive plane, and is known as the patch antenna. It supports Fabry-Perot-like resonances and can be described by a magnetic surface current. For conductive patch and ground plane, this electromagnetic response is not constrained to a specific spectral band. Indeed, metal nanocubes placed close to a gold surface, known as the nanocube-on-metal (NCoM) system, had been previously shown to act as magnetic resonators in the VIS spectrum 23 .
The optical response of the GPMR structure now becomes very clear. Graphene, being a semi-metal, can both act as a conductor and support AGPs when sufficiently doped. Thus, if a nanocube is placed in its vicinity, the illuminating far-field light can directly excite the GPMR patch antenna mode, which is associated with the excitation of an AGP between the nanocube and graphene, forming an optical cavity. The scalable nature of the patch antenna can also be observed in the GPMR spectral response for different nanocube sizes, where larger nanocube size corresponds to a larger effective wavelength of the mode, as seen in Fig. 2 and its discussion. We note that the remaining magnetic field within the top part of the nanocube in Fig. 3D is the part left unscreened by the graphene, owing to its small thickness and lower charge carrier density, compared to a semi-infinite metal surface.
To corroborate the fact that the GPMR cavity is actually a graphene-based patch antenna in the MIR, we examine its scattering response. Owing to the similarity in the scattering response of patches and stripes 23, 24 , for simplicity of simulations we show in Fig. 4A the simulated 2D scattering of a single GPMR structure, for several Fermi levels, ranging from 0.1eV to the recently achieved 1.8eV 25 . Scattering resonances that are correlated with the AGP resonances can be observed and indeed corroborate the GPMR antenna nature. Strikingly, the response can be tuned from the farinfrared almost to the NIR spectrum, solely by changing the charge carrier density in the graphene. Such an ultra-broad spectral response is quite remarkable to obtain from a single antenna. Although a variety of graphene-based antennas have been proposed, mainly in the MIR and THz 26, 27 , they were found to be inefficient, compared to their metallic counterparts. Thus, the GPMR might provide a different solution for realization of nano-antenna at these spectral bands.
Finally, we study the mode-volumes achieved by the GPMR cavity. Fig. 4B shows the calculated normalized mode-volume, V GPMR /λ 3 0 (with λ 0 being the free-space wavelength), of a single GPMR cavity with different hBN spacer thicknesses d (blue curve). Since similar plasmonic cavities in the VIS spectrum have been shown to reach large confinement as well 28, 29 , the GPMR cavity mode-volume is compared with the equivalent NCoM optical patch antenna in the VIS spectrum, where graphene is replaced by a gold surface 23 (red curve). It can be seen that even though the GPMR cavity resonant wavelength is more than an order of magnitude larger than that of the NCoM resonator (see caption), it is able to achieve a normalized mode-volume which is 4 orders of magnitude smaller than the NCoM, reaching ∼ 4.7 · 10 −10 . These remarkable values can be directly attributed to the unique properties of AGPs, which are highly effective in confining light to very small dimensions.
Although we can further thin down the hBN spacer until the monolayer case 16 , we note that below 1 nm thickness, strong nonlocal effects, in both metal and graphene, dominate the confinement and enhancement factors that can be achieved 16, 30 . These require a special analytical treatment that can not be introduced into our numerical simulations. As it has been previously shown that AGPs can confine light to a monolayer hBN spacer and without increasing the 16 , thinning down the spacer should continue and improve the achievable mode-volume and field enhancement presented in Fig. 4 .
In conclusion, we have demonstrated the realization of singular AGP resonators in the MIR spectrum with record small mode-volume and large field-enhancement, which support low losses and can be efficiently excited from the far-filed. Our approach provides a tunable platform for studying strong light-matter interaction in the MIR and THz spectra, such as vibrational strong-coupling 31, 32 , and its manipulation of chemical processes 31 . Furthermore, it opens up new possibilities for the realization of efficient AGP-based devices in this long wavelength spectrum, such as photodetectors, biological and chemical sensing devices, and graphenebased tunable optical nano-antennas.
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